N atural killer (NK) cells were discovered over 40 years ago as a population of lymphocytes that could lyse sheep red blood cells and tumor cells "naturally" (i.e., without requiring prior activation) (Thornthwaite and Leif 1974; Herberman et al. 1975; Kiessling et al. 1975) . Traditionally, NK cells have been classified as innate immune cells that recognize their targets through a variety of germline-encoded receptors. However, there is accumulating evidence that at least some NK cells possess properties that characterize adaptive immunity, such as the capacity to acquire long-lived antigen (Ag)-specific immunologic memory (Paust and von Andrian 2011) .
Indeed, recent studies have shown that certain subsets of NK cells can specifically "remember" diverse viral and hapten-based Ags, raising the intriguing possibility that NK cell memory might be harnessed for new vaccination strategies, and indeed that NK memory might even arise in response to traditional and established vaccines. Here, we examine the arguments for and against a potential role for NK cells during prophylactic and therapeutic vaccination in light of the known heterogeneities within the NK cell lineage and, more specifically, the heterogeneity of apparent immunologic recall responses that have been observed among NK cell subsets.
NK CELL SUBSETS
NK cells are classified as belonging to group 1 of the innate lymphoid cell (ILC) family (Spits et al. 2013) , as their development and function does not require recombination-activating gene (RAG)-mediated V(D)J recombination of Agreceptor gene segments. Rather, at the population level, both murine and human NK cells express a broad repertoire of germline-encoded activating and inhibitory receptors, although any individual NK cell usually expresses only a small and highly variable selection of these receptors. Prominent examples of such receptors are the Ly49 family in mice, the killer-cell immunoglobulin-like receptor (KIR) family in humans, and the NKG2 genes in both species. Depending on the expression profile of these and other receptors, NK cells have been subdivided into a multitude of subsets (Lanier 2005; Middleton and Gonzelez 2010; Schenkel et al. 2013) , and have been further subdivided based on distinct developmental pathways, gene expression patterns, anatomic localization, and function (reviewed in Yu et al. 2013; Sojka et al. 2014; Björkström et al. 2016; Simonetta et al. 2016) . The relative contributions of several of these subsets to memory-like NK cell responses are discussed below.
Whereas NK cell phenotypes often differ depending on the tissue in which they reside, it is unclear whether tissue-specific factors drive phenotypic changes on resident NK cells, or whether distinct tissues selectively recruit a priori distinct NK cell subsets (Spits et al. 2016) . This is particularly relevant in the context of NK cell memory, as the capacity to form memory of certain Ags differs between liver-resident and nonhepatic (e.g., splenic) NK cells. Both mouse and human liver harbors a prominent population of CXCR6 + NK cells (Paust et al. 2010; Stegmann et al. 2016) . In hapten-immunized mice, this hepatic population is highly enriched for Ag-specific memory cells, whereas hapten-specific memory NK cells are rare or absent among NK populations in most nonhepatic tissues.
The multiplicity of NK cell subsets presents both a challenge and a potential opportunity with respect to harnessing NK cells for vaccination. To this end, it will be necessary to investigate the properties of each subset for a more complete understanding of their relative capacity to acquire, retain, and recall protective memory of vaccine Ags.
MEMORY NK CELLS IN HEALTH AND DISEASE

What Is Immunological Memory?
A hallmark of immunological memory is the ability to mount qualitatively and/or quantitatively distinct responses to an initial versus subsequent challenge(s). Indeed, when compared to naïve NK cells, memory NK cells show a higher proliferation rate, cytokine production, and cy-totoxicity on challenge with a previously encountered stimulus (Sun et al. 2009 ). However, studies in mice suggest that there are several different "flavors" of NK cell memory (Cerwenka and Lanier 2016), which differ with regard to the sensitizing agent(s), the ensuing cellular response, and the dependence on specific Ag recognition ( Fig. 1; Table 1 ).
Ag-Nonspecific Memory-Like NK Cells
Ag-nonspecific memory-like NK cells have been defined in both mice and humans. Murine cytokine-induced memory-like NK cells were originally described by Cooper et al. (2009) Figure 1 . Mechanisms of natural killer (NK)-cell activation resulting in the induction of NK-mediated immunological memory. Upon activation by a variety of stimuli, "naïve" NK cells adopt a memory phenotype, characterized by the capacity to mount a qualitatively and/or quantitatively enhanced immune response to secondary exposure to the same (or a similar) stimulus. The type of memory NK cell elicited depends on the activating stimulus. For example, certain inflammation-induced cytokines, specifically interleukin (IL)-2, IL-15, and IL-18, acting on NK-cell-expressed cytokine receptors (middle, left) induce memory-like NK cells that are not restricted to specific antigens (Ags). Infection with certain viruses (such as mouse cytomegalovirus [MCMV] in C57BL6 mice) induces expression of virally encoded recognition motifs (e.g., MCMV-m157) and other activating distress signals (e.g., NKG2D ligands) on the host-cell surface that are recognized by germline-encoded NK cell receptors (NKRs; e.g., Ly49H). Finally, some NK cells have the capacity to specifically recognize and remember highly diverse microbial or hapten-based immunizing Ags presented by dendritic cells and other antigen-presenting cells (APCs). The receptor(s) used by NK cells to detect such Ags (Ag-R) are as yet undefined. It should be noted that although a single naïve NK cell is shown to give rise to memory in response to all stimuli, naïve NK cells actually comprise a large variety of discrete subsets, and the ability to generate specific types of memory varies greatly between subsets. Milush et al. 2013; York et al. 2013 Mycobacterium tuberculosis On transfer to a naïve host, the cells were shown to return to a quiescent state, but displayed an intrinsic capacity for more efficient proliferation and interferon γ (IFN-γ) production after reactivation (Cooper et al. 2009 ). Subsequent reports confirmed the existence of cytokine-induced memory cells among CD56 dim human NK cells (Romee et al. 2012) . Although the initial studies in humans did not show increased killing capacity of cytokine-dependent memory NK cells, a recent clinical study reported enhanced activity of cytokine-preconditioned human NK cells against acute myeloid leukemia (Romee et al. 2015) .
NK cells undergoing homeostatic proliferation in NK-deficient hosts represent another arm of Ag-nonspecific NK cell memory. In a lymphopenic host, adoptively transferred NK cells undergo proliferation and self-renew at steady state (Prlic et al. 2003) . The mechanism for this homeostatic proliferation is unclear. A recent study indicates that Krüppel-like factor 2 (KLF2) limits homeostatic expansion of immature NK cells in a cell-intrinsic manner (Rabacal et al. 2016 ), but instructs mature NK cells to home to IL-15-rich niches (e.g., liver and bone marrow), which is necessary for long-term NKcell survival (Prlic et al. 2003; Ranson et al. 2003; Jamieson et al. 2004) . Homeostatically expanded NK cells persist in tissues for a long time without loss of activity (Sun et al. 2011) .
Ag-specific NK cell memory requiring a germline-encoded Ag receptor has been shown for NK cells in C57BL/6 mice specific to mouse cytomegalovirus (MCMV) ( Table 1) . MCMV has been shown to induce rapid clonal expansion of an NK subset expressing the activating receptor Ly49H, which recognizes the MCMVencoded protein m157 (Sun et al. 2009 ). The known identity of both virus receptor and ligand in this model has permitted extensive and indepth investigation of molecular mechanism(s) triggering generation and maintenance of MCMV-specific memory NK cells (reviewed in O'Sullivan et al. 2015; Cerwenka and Lanier 2016) .
Similar to MCMV, human cytomegalovirus (HCMV) infection is associated with the generation of a subset of NK memory cells (Table 1). Indeed, the majority of data regarding the role of potential NK-cell-mediated immunological memory in human infection concerns HCMV. Seropositivity for HCMV is frequently accompanied by higher frequency of an NK subset expressing the activating receptor CD94/ NKG2C (Rolle et al. 2013) . During acute infection, the proportion of CD94/NKG2C + cells within the NK cell pool increases, and on HCMV reactivation, this population increases again and expresses higher amounts of IFN-γ (Foley et al. 2012 ). This enhanced functionality on encounter of a recall Ag constitutes a hallmark of adaptive immunity. Further, HCMVassociated NKG2C + NK cells have also been shown to harbor epigenetic signatures similar to those observed in memory CD8 + T cells (Lee et al. 2015; Schlums et al. 2015) , suggesting further differentiation from "naïve" or conventional NK cells. However, unlike in the case of MCMV-specific memory NK cells, the exact mechanism underlying generation of HCMVtropic memory-like NK cells is still unknown, although a role for HLA-E and activating KIRs has been reported (Della Chiesa et al. 2013 ). Of note, NKG2C is not necessary for NK-cell-mediated responses to HCMV per se (Della Chiesa et al. 2014) . A similar NK cell subset expansion has also been observed in human immunodeficiency virus (HIV) infection 
Ag-Specific Memory of Highly Diverse Ags
The first observation of NK-cell-mediated adaptive immune responses came from studies utilizing a hapten-induced model of contact hypersensitivity (CHS) (O'Leary et al. 2006) . In these experiments, a hapten was applied to intact skin during sensitization and challenge, and the magnitude of the secondary immune response was measured by the intensity of skin inflammation on reexposure to the same Ag. A positive Ag-specific CHS response to several haptens has been shown in mice of various genetic backgrounds in the complete absence of T and B cells (Table 2) . Adoptive transfer experiments showed that only NK cells localized in the liver, but not in the spleen, were necessary and sufficient to transfer hapten-specific memory from immunized to naïve animals (O' Leary et al. 2006; Rouzaire et al. 2012 (Table 3) , including vesicular stomatitis virus (VSV), influenza A, and HIV-1 (Paust et al. 2010 ). Importantly, cross-protective memory was not observed among different viruses, indicative of a truly Ag-restricted memory response. Memory NK cells in this study were able to protect T-and B-cell-deficient animals, at least in part, against subsequent challenge with virus, suggesting a potential utility of memory NK cells in vaccination (Table 1) . 
Ability of individual haptens to elicit an enhanced contact hypersensitivity (CHS) response on challenge with either sensitizing hapten or previously unencountered hapten. Sensitizing agent shown in top row, and challenge agent shown in left column (see also O' Leary et al. 2006 and Paust et al. 2010) .
+, enhanced CHS response relative to primary exposure; -, no difference from baseline response; n.d., not determined; OXA, oxazolone; DNFB, 1-fluoro-2,4-dinitrobenzene.
A role of NK cells in protective memory against bacteria has not been clearly shown so far. A recent study provided evidence that primary infection of mice with Ehrlichia muris mediated long-term protection against a second challenge with highly virulent Ixodes ovatus Ehrlichis, and this protection was orchestrated by NK cells (Habib et al. 2016 ). However, the suggested mechanism was attributed to a rise of cytokine-dependent memory-like NK cells during the primary infection rather than to a direct recognition of a pathogen by an unknown receptor expressed on NK cells.
Whereas bona fide NK-cell-mediated adaptive immunity (i.e., acquired memory and Ag specificity) has not yet been shown in humans, there is evidence for virus-specific NK cell memory in nonhuman primates (Reeves et al. 2015) . Ag-specific memory NK cells were observed in rhesus macaques after immunization with adenoviral vaccines expressing either simian immunodeficiency virus (SIV) or HIV Ags (Reeves et al. 2015) . Robust Ag-specific NK cell memory could be detected as late as 5 years after immunization. Unlike in mice, NK cell memory in nonhuman primates was not confined to hepatic NK cells, but was also evident in splenic NK cells (Table 1) .
Regardless of species, there is now mounting evidence that some mammalian NK cells can give rise to memory cells that appear to be highly specific for a variety of Ags, even for Ags that seem unlikely to have exerted the prerequisite evolutionary pressure for germline-encoded pattern receptors to arise (for example, following immunization with the gag or env proteins of HIV-1 mouse memory NK cells display exquisite specificity for these viral Ags, even though HIV-1 is not a mouse pathogen). The mechanism(s) by which NK cells recognize these Ags are still a mystery.
Harnessing NK Cell Memory for Vaccination
In the decades since their discovery, the importance of innate functions of NK cells in the control/resolution of human disease has been well established. More recently, evidence for the potential of NK cells to both mediate Ag-specific responses and to "remember" previously encountered Ags/pathogens has steadily increased. As the greatest potential for vaccines that elicit NK cell memory lies in the induction of Agspecific memory, these recent studies have brought NK-cell-mediated vaccination into the realm of possibility.
Ag-specific memory (although without antigenic diversity) has so far only been described in detail in the mouse, in the Ly49H interaction with the MCMV-encoded m157. In humans, HCMV infection is associated with increased numbers of CD94/NKD2C + NK cells, suggesting that a similar Ag-specific interaction between this activating NK receptor and an HCMV-derived counter-receptor may exist, but the exact ligand for CD94/NKD2C is yet to be determined. Nevertheless, it seems plausible that a potential HCMV vaccine (Sung and Schleiss 2010) will induce not only memory B and T cells, but also memory NK cells that may contribute to protection. To exploit this type of memory further in vaccinations, it is crucial to identify more receptor-ligand pairs (if they exist) that have the ability to induce NK cell memory.
Whereas identification of receptor/ligand pairs comparable to those found in the MCMV system (and presumed to exist in the HCMV system) will undoubtedly be useful in the treatment and prevention of human disease, the potential diversity of such vaccines and therapies is necessarily limited by the repertoire of germline-encoded receptors for pathogen-encoded ligands. Additionally, the study of such systems in experimental models is complicated by the rapid evolution of pattern receptors and consequent differences between mouse and human-activating/inhibitory NK receptors. Humanized mice could potentially offer a powerful alternative to study and characterize human NK receptor/pathogen interactions in vivo, but these models will likely require extensive genetic engineering to optimize interactions of human NK cells with surface receptors and cytokines produced by murine hosts.
The only type of immunological memory that can be fully exploited by vaccines relies on Ag specificity against a diversity of Ags. Indeed, a broad, preimmune repertoire of antigenic specificities is a prerequisite for NK cells to be considered a viable target lymphocyte population in vaccination. To date, it has been shown that murine liver-resident NK cells can form Ag-restricted memory against various haptens, VSV, influenza A, vaccinia virus, and HIV-1. Because of the variety of reactivities identified so far, it is conceivable-and perhaps likelythat many more Ags can elicit this type of NKcell-mediated memory.
One caveat that may temper enthusiasm for the development of NK-cell-mediated vaccines lies in the fact that Ag-specific, NK-mediated immunity has not, to date, been shown in humans. However, potentially memory-capable NK cells are most likely rare in peripheral blood, if present at all; the identification of liver-resident CXCR6 + NK cells in humans (Stegmann et al. 2016) raises the possibility that a comparable population to the murine hepatic memory NK cells might exist. Furthermore, the fact that nonhuman primates mount NK-cell-mediated memory responses against SIV-and HIV-derived Ags is very promising in this regard.
Challenges, Obstacles, and Open Questions
Although the phenomenon of NK cell memory is now well established, many questions regarding its pathophysiological role and, in particular, the impact of vaccines on NK cells remain to be answered. For example, if mammalian NK cells can develop specific memory to a wide variety of Ags, should not at least some of our existing vaccines elicit such memory? If the answer is "yes" (which seems likely), why is there so little experimental or clinical evidence? One plausible reason is that, until very recently, investigators have lacked robust assays to evaluate Ag-specific recall responses by NK cells.
The current lack of molecular understanding of both the mechanism(s) of Ag recognition by and the mode(s) of Ag presentation to NK cells have been major obstacles toward developing straightforward approaches, such as the enumeration and characterization of Ag-specific NK cell subsets by quantitative techniques, such as flow cytometry. Thus, the detection of NK cell recall responses to vaccine Ags requires more complex measurements of functional responses by NK cells to a suitable target cell presenting the recall Ag. As discussed above, this approach was taken recently to show long-lived NK memory in nonhuman primates (Reeves et al. 2015 ). An analogous strategy was used previously in mice to study NK memory to several viral Ags (Paust et al. 2010) . Both studies used in vitro cocultures of purified splenic or hepatic NK cells with a mixture of autologous dendritic cells (DCs), half of which had been pulsed with a recall Ag, whereas the other half carried a control Ag. The preferential disappearance from the cocultures of viable DCs bearing the recall Ag served as a measure of NK-cellmediated Ag-specific cytotoxicity.
The source of material for such cell-based assays to assess NK cell memory is critical. For example, Ag-specific memory NK cells (other than those recognizing MCMV via Ly49H) in mice are restricted to a liver-resident Thy1 + CXCR6
+ subset (Paust et al. 2010 ). CXCR6 + NK cells are very rare in murine spleen and peripheral blood, and NK cells from these compartments show no detectable recall activity in mice (O'Leary et al. 2006; Paust et al. 2010) . By contrast, in nonhuman primates, Ag-specific memory NK cells are present in both liver and spleen, but peripheral blood NK cells show minimal Ag-specific recall activity (Reeves et al. 2015) . In humans, like in mice, CXCR6 + NK cells are detectable in the liver, but very sparse among circulating NK cells (Stegmann et al. 2016) . It is still unclear whether human adaptive memory NK cells exist and whether they require CXCR6; however, a recent study has identified a tissue-resident noncirculating NK cell subset in human liver that is characterized by the absence of CD49e (Aw Yeang et al. 2017) . It is not known whether these cells have the capacity to form Ag-specific memory like their counterparts in mice and primates. Nonetheless, our experience in animals raises the possibility that peripheral blood NK cells are inadequate to detect vaccine Ag-specific memory NK cells in humans. On the other hand, it is likely that some vaccines, particularly live vectors or adjuvanted formulations containing Toll-like receptor (TLR) agonists, elicit cytokine responses during the priming phase that may generate nonspecific NK cell memory. Enhanced responses by such NK cells could potentially be used for longitudinal studies in humans; however, a greater abundance of cytokine-sensitized NK cells could potentially also result in increased background activity in assays aimed at detecting Ag-specific NK cells, rendering the detection of adaptive NK cell memory even more difficult.
Even in the event that future experiments are successful at identifying vaccine-induced memory NK cells, it may be challenging to determine the degree to which protection against subsequent infections is mediated by NK cells relative to other adaptive immune cells. This question is more straightforward to address in mice because we can vaccinate mutant animals that possess NK cells, but not B and/or T cells, and we can also use strategies to selectively deplete NK cells in immunized animals or perform adoptive transfers of purified NK cell subsets from vaccinated to naïve hosts (O'Leary et al. 2006; Sun et al. 2009; Paust et al. 2010; Gillard et al. 2011) . However, none of these experimental manipulations are applicable to humans, whereas vaccines will usually generate responses not only by ( presumably) NK cells, but also by B and T cells.
Related to the above discussion, it is also important to consider how prophylactic vaccines that produce NK cell memory could be evaluated for their clinical efficacy. Traditionally, vaccine efficacy has been assessed by comparing the incidence of infection in vaccine recipients and a placebo control group. This strategy is well suited for vaccines that elicit neutralizing antibodies that prevent or minimize clinically detectable infections (or de novo immune responses against incipient infections), a process referred to as "sterilizing immunity." However, whereas antibodies can detect epitopes displayed on pathogens before microbial invasion of host tissues, there is no evidence that memory NK cells can detect or respond to free pathogens. The available experimental data suggest that infection of host cells must occur before recall responses by memory NK cells are elicited on Ag presentation by infected host cells. Thus, it is questionable whether protection by memory NK cells (or memory T cells for that matter) in the absence of protective antibodies could manifest as "sterilizing immunity." Cell-mediated protection against infectious diseases would more likely result in accelerated pathogen clearance and reduced morbidity or mortality.
Similar diagnostic challenges may also be encountered when vaccines are used to stimulate NK cells therapeutically (e.g., to combat chronic infections or cancer). To date, the focus in the field has been primarily on T cells, particularly the CD8 + subset, which can effectively eliminate diseased cells presenting cognate Ag in the context of major histocompatibility complex (MHC) class I (Appay et al. 2008; Koup and Douek 2011; Morvan and Lanier 2016) . However, NK cells have long been recognized as playing an important role in cancer biology as well (Morvan and Lanier 2016) . To date, the role of NK cells in immuno-oncology has been primarily studied in the context of their innate immune function, such as through recognition of target cells that lack MHC class I ("missing self") and/ or express ligands for activating NK receptors (Waldhauer and Steinle 2008; Kijima et al. 2011) . However, recent findings in a mouse model of hapten-induced Ag-specific NK responses against melanocyte-associated Ags suggest that adaptive NK cells may also contribute to antitumor immunity (van den Boorn et al. 2016 ). Of note, distinct NK cell subsets have been observed to differ in their tumoricidal activity, with hepatic NK cells displaying more potent antitumor effects than splenic or bloodborne NK cells (Vermijlen et al. 2002; Ishiyama et al. 2006) . Thus, for a concise analysis of therapeutic vaccine effects in patients, it may be necessary to monitor NK cells in a variety of samples, including biopsies and/or surgical explants of affected tissues.
A related question is whether endogenous responses of a patient's NK cells against chronic infections or malignancies may be boosted by therapeutic interventions. Indeed, NK cells in tumor-bearing mice and in patients with advanced melanoma have been reported to acquire an exhausted phenotype da Silva et al. 2014 ). This raises the possibility for NKcell-targeted immunotherapy with "checkpoint inhibitors," whereby NK cell exhaustion may be pharmacologically reversed (e.g., by blockade of coinhibitory receptors, such as Tim-3). Recent clinical findings have shown that checkpoint inhibitors that target the CTLA4 or PD-1 pathway can unleash potent antitumor responses by exhausted T cells in some cancer patients (Curran et al. 2010; Jiang et al. 2015) . Animal studies lend support to the notion that combination treatment with biologics that reverse T-cell exhaustion and vaccines that stimulate Ag-specific immune responses can exert potent synergistic effects in cancer therapy (Duraiswamy et al. 2013) . It is tempting to speculate that analogous strategies could also promote NK-cell-mediated antitumor responses, but this idea remains to be validated. 
